Antiresonance-guiding hollow-core fibers are shown to enable highly sensitive detection of cell proliferation probes using Raman scattering within the region where the cellular Raman activity is minimal. We demonstrate that such fibers can substantially reduce the level of the background compared to standard index-guiding optical fibers, thus radically improving the sensitivity of Raman detection of DNA synthesis in cells and offering a powerful tool for fiber-based live-cell imaging.
Integration of advanced fiber-optic components with the cutting-edge concepts and approaches in optical imaging helps confront the most challenging problems of the life sciences, offering unique tools to look inside living cells [1, 2] , examine brain functions [3, 4] , and analyze gene expression [5] . Rapidly progressing fiber-optic technologies provide an advanced platform for the creation of novel fiber-based imaging systems [6, 7] , optical endoscopes [2] , optical neural interfaces [3] , and sensors for gene expression analysis [5] . With the recently developed photonic-crystal fibers (PCFs) [8] , the key fiber properties can be tailored by fiber structure engineering to match a specific optical interrogation protocol [4, 7] . Fibers of this class can substantially improve the signal collection efficiency in nonlinear microscopy [9] and have been shown to offer much promise for the creation of nonlinear optical fiber endoscopes [10] . Hollow-core PCFs [11, 12] can deliver high-energy ultrashort laser pulses for biomedical applications [13] and offer much promise for the creation of tunable wavelength shifters for multiphoton microscopy and coherent anti-Stokes Raman scattering microspectroscopy [14] . Hollow-core fibers where the light is guided in a low-index core due to antiresonant reflection from high-index ring structures in the fiber cladding [15, 16] have been shown to offer an attractive platform for the creation of compact and efficient biochemical sensors and sensor arrays [17] .
A wealth of unique chemically specific information on live cells on the molecular level can be obtained with the use of Raman scattering. Coherent Raman microspectroscopy [18, 19] has already been shown [20, 21] to offer a tremendous potential for intracellular-resolution chemically selective imaging. A serious difficulty encountered when fiber probes are used to detect the Raman response from biological objects is related to the Raman background from the fiber itself, which dramatically reduces the sensitivity of Raman detection [22] . Here we show that in the case of Raman-active molecular vibrations of cell proliferation probes, this long-standing issue of fiberbased Raman sensing can be addressed with properly designed hollow fibers. Experiments presented below in this Letter demonstrate that antiresonance-guiding hollow-core fibers, where the air-guided modes confined to the low-index core are supported by properly designed high-index ring structures in the fiber cladding [15] [16] [17] , can enable highly sensitive detection of cell proliferation probes using Raman scattering within the region where the cellular Raman activity is minimal. Fibers of this class will be shown to substantially reduce the level of the background compared to standard index-guiding optical fibers, thus radically improving the sensitivity of Raman detection of DNA synthesis in cells and offering a powerful tool for fiber-based live-cell imaging.
Experiments were performed on a solution of 5-ethynyl-2′-deoxyuridine (EdU), which has recently been shown to provide a convenient label for highly sensitive detection of DNA synthesis in proliferating cells [23] . When incorporated into cellular DNA in the course of DNA replication, EdU tends to accumulate in the nucleus, serving as an efficient alkyne-tagged cell proliferation probe that can be readily detected through its fluorescence induced by the Cu(I)-catalyzed click reaction [23] or by click-free detection of the Ramanscattered signal [24] . In the experiments presented here, we studied aqueous solutions with a variable concentration of EdU with a sealed-off distal end of the fiber probe immersed in the cell with the solution.
The optical fiber used in our experiments as a fiber probe had a hollow core [ Fig. 1(a) ] with a diameter of 33 μm, surrounded by a silica ring with a thickness of 1.6 μm suspended by thin silica bridges. Air-guided modes are supported in the hollow core of this fiber due to antiresonance reflection from the ring structure in the fiber cladding. Qualitatively, this ring plays the role of a Fabry-Perot interferometer, with its interferenceinduced resonance and antiresonance bands giving rise [15] [16] [17] to alternating minima and maxima in the transmission spectrum of the hollow-core fiber [ Fig. 1(b) ].
The second-harmonic output of a CW Nd:YAG laser with a wavelength of 532 nm was coupled into a fiber probe using a micro-objective and was delivered through the fiber within the high-transmission band [ Fig. 1(b) ] to provide optical excitation of the sample at the distal end of the fiber probe, which has been sealed off to allow work on liquid samples. The Raman signal generated in response to this optical excitation was collected by the same fiber probe to be delivered through this fiber to the detection system, consisting of a grating monochromator, photomultiplier, and lock-in amplifier. A carefully adjusted diaphragm was used to separate the signal delivered through the hollow core of the fiber probe from the signal delivered along its silica cladding. For comparison, experiments were also performed with a fiber probe based on a standard multimode index-guiding fiber, which had a core diameter of 50 μm, a cladding diameter of 125 μm, and a numerical aperture NA ≈ 0.2.
In a typical spectrum of the Raman signal collected by a fiber probe from an aqueous solution of EdU (Fig. 2) , the peaks representing Raman scattering by the alkyne group in EdU, centered at about 2120 cm −1 , are observed against the Raman peaks related to the CH bonds of EdU (the 2850-3000 cm −1 band) and the OH group of water (the broad band stretching from 3100 to 3600 cm −1 ). Although the CH and water peaks of Raman scattering are typically much more intense than the Raman peak of the alkyne group in EdU, the latter peak appears as an isolated, well-resolved line in the Raman spectrum, offering an ideal tag for high-contrast Raman imaging within the spectral region where the Raman scattering from cells is very weak.
The Raman lines related to the alkyne group and CH bonds of EdU, as well as the Raman band of water, are observed in the raw spectra of the signals collected with both the antiresonance hollow fiber and standard indexguiding fiber. However, the difference in the properties of the background picked up by the fiber probes of different types is striking [cf. Figs. 3(a) and 3(b) ], indicating the difference in the physical origin of the background signal collected by these two fibers. Indeed, the Raman signal from the alkyne group of EdU collected by the standard index-guiding fiber is observed against a strong background, which strongly distorts the spectrum, dominating the signal on the wings of the alkyne-group Raman band [rectangles in Fig. 3(b) ]. This background emission includes two main parts-an intense signal due to the Raman scattering inside the fiber probe and a much less intense component due to the fluorescence from EdU solution. For the subtraction of the background related to Raman scattering inside the fiber, the spectrum of this part of the background was measured in a separate experiment [open circles in Fig. 3(b) ], where the 532 nm laser pump with an appropriate power was transmitted through the fiber probe with no Raman signal from the sample. This spectrum was then smoothed using the Savitzky-Golay filter and subtracted from the respective spectrum measured in the experiments with the EdU solution. To correct for the second part of the background, which was related to the fluorescence from the sample, a polynomial fit of its spectrum was subtracted from the spectrum measured in the experiments with the EdU solution in accordance with a standard procedure described, e.g., in [25] . Subtraction of both parts of the background yields a well-resolved Raman spectrum of the alkyne group in EdU as shown by the filled circles in Fig. 3(b) .
In a fiber probe based on the antiresonance-guiding hollow waveguide, as shown in Fig. 1(a) , laser radiation used as a pump in our experiments is strongly confined to the hollow core, generating only very little Ramanscattered light in the silica cladding. The intensity of the Raman signal generated by a 532 nm laser pump in an antiresonant hollow fiber probe, measured in an experiment without EdU solution, was found to be substantially lower than the intensity of the Raman background from the standard index-guiding fiber of the same length [open circles in Figs. 3(a) and 3(b)]. As a result, the signal collected by the antiresonant hollow fiber probe is observed against a much less intense and much flatter background [rectangles in Fig. 3(a) ]. Moreover, due to the larger acceptance angle of the antiresonance-guiding hollow fiber probe, the Raman peak related to the alkyne group of EdU in the signal collected with this fiber was at least five times more intense than the same peak in the signal picked up by the index-guiding fiber probe [rectangles in Figs. 3(a) and 3(b) ]. Comparison of the overall background level in the raw Raman spectra measured with the use of the antiresonant hollow fiber probe [rectangles in Fig. 3(a) ] with the background signal exclusively due to the Raman scattering in this fiber [open circles in Fig. 3(a) ] shows that the background is dominated by broadband fluorescence from the EdU solution. The above-described background-subtraction procedure applied to such spectral profiles yields high-contrast Raman spectra of the alkyne group in the EdU [filled circles in Fig. 3(a) ]. The signal-to-background ratio of such spectra measured with a 6 cm piece of antiresonant hollow fiber probe is found to be 17 times higher than the signal-to-background ratio of the same Raman line measured with the use of a standard index-guiding fiber of the same length.
To summarize, antiresonance-guiding hollow-core fibers enable highly sensitive detection of cell proliferation probes using Raman scattering within the region where the cellular Raman activity is minimal. Experiments presented in this Letter demonstrate that fibers of this class can substantially reduce the level of the background compared to standard index-guiding optical fibers, thus radically improving the sensitivity of Raman detection of DNA synthesis in cells and offering a powerful tool for fiber-based live-cell imaging.
